Single-crystal diamond cavity optomechanical devices are a promising example of a hybrid quantum system: by coupling mechanical resonances to both light and electron spins, they can enable new ways for photons to control solid state qubits. However, realizing cavity optomechanical devices from high quality diamond chips has been an outstanding challenge. Here we demonstrate single-crystal diamond cavity optomechanical devices that can enable photon-phonon-spin coupling. Cavity optomechanical coupling to 2 GHz frequency (fm) mechanical resonances is observed. In room temperature ambient conditions, these resonances have a record combination of low dissipation (mechanical quality factor, Qm > 9000) and high frequency, with Qm · fm ∼ 1.9 × 10 13 sufficient for room temperature single phonon coherence. The system exhibits high optical quality factor (Qo > 10 4 ) resonances at infrared and visible wavelengths, is nearly sideband resolved, and exhibits optomechanical cooperativity C ∼ 3. The devices' potential for optomechanical control of diamond electron spins is demonstrated through radiation pressure excitation of mechanical self-oscillations whose 31 pm amplitude is predicted to provide 0.6 MHz coupling rates to diamond nitrogen vacancy center ground state transitions (6 Hz / phonon), and ∼ 10 5 stronger coupling rates to excited state transitions.
INTRODUCTION
Diamond cavity optomechanical devices are an attractive platform for controlling interactions between light, vibrations, and electrons that underly future hybrid quantum technologies [1] . Their potential arises from diamond's exceptional mechanical and optical properties [2] combined with its ability to host color centers such as the nitrogen-vacancy (NV) whose electron spins are excellent qubits that can be manipulated by local mechanical strain fields [3] [4] [5] [6] [7] . Recently, piezoelectric actuation of bulk [3, 8] and nanomechanical [4] [5] [6] [7] [9] [10] [11] diamond resonators has been used to demonstrate phononic spin control. Cavity optomechanics [12] harnesses optical forces in place of piezoelectric actuation, allowing coherent phonon state manipulation [13] [14] [15] of GHz frequency mechanical resonators with quantum limited sensitivity [16] . These phonons can be made resonant with NV center electron spin transitions that are central to proposals for spin-spin entanglement [17] , spin-phonon state transfer [18] [19] [20] , spin mediated mechanical normal mode cooling [17, 21, 22] , and photon-phonon-spin coupling [23] . Additionally, the relatively small thermal occupancy and mechanical dissipation of GHz diamond devices, combined with diamond's ability to support strong optical fields due its large electronic bandgap, make them an ideal system for the cavity optomechanical backaction cooling and study of mechanical resonators in their quantum ground state [16] .
Development of cavity optomechanical devices from single-crystal diamond has been limited due to challenges * pbarclay@ucalgary.ca associated with fabricating mechanically isolated structures from bulk diamond chips. While initial development of diamond optomechanical devices used nanocrystalline diamond [24] , single crystal diamond material promises lower mechanical dissipation [25] and the ability to host highly coherent NV centers [26] . Here we report demonstration of a single-crystal diamond cavity optomechanical system for the first time. This system is based on a microdisk device geometry that has been used in a wide range of cavity optomechanics experiments implemented in more conventional semiconductor and dielectric materials [13, 15, 27, 28] . Microdisks are desirable owing to their simple geometry, strong optomechanical coupling between high frequency mechanical resonances and low loss optical modes, and intrinsic ability to simultaneously support optical modes over the entire transparency window of the device material [15] .
The microdisk system studied here, an example of which is shown in Fig. 1(a) , supports optical modes at visible and telecommunication wavelengths (ω/2π ∼ 200 − 470 THz) that interact via radiation pressure with GHz frequency mesoscopic mechanical resonances of the structure. We find that these resonances have a record combination of high ω m and low mechanical dissipation (γ m = ω m /Q m ∼ 2π × 0.2 MHz) compared to other mechanical resonators operating in ambient temperature and pressure, and that their Q m ·f m = 1.9×10
13 Hz product is sufficiently high to satisfy the minimum criteria for single phonon coherent behaviour [12] . The microdisk optical modes have low dissipation (γ o = ω o /Q o ∼ 2π × 3 GHz), and owing to the negligible nonlinear absorption in diamond at telecom optical frequencies, they can support intracavity photon number N > 10 6 without degrading Q o . In combination, this allows realization of optomechanical cooperativity, C = N g large enough (> 1) for coherent photon-phonon coupling [13, 14] , where g 0 ∼ 2π × 26 kHz is the single photon optomechanical coupling rate of the device and describes the expected shift in cavity optical frequency due to the mechanical zero point motion of the microdisk. These devices operate on the border of the sideband resolved regime (γ o ∼ ω m ), enabling radiation pressure backaction excitation of mechanical self-oscillations with ∼ 31 pm amplitude. The accompanying stress fields are strong enough to drive diamond color center spin transitions with a single phonon-spin coupling rate that is predicted to exceed that of previously studied MHz frequency nanomechanical structures [5] [6] [7] , despite having orders of magnitude higher ω m and smaller phonon amplitude, owing to the localized nature of the microdisk mechanical resonances. In addition, the ability of the microdisks to support optical modes at visible wavelengths is compatible with resonant coupling to NV center optical transitions [29] , as well as operation in fluid environments of interest for sensing applications [27] .
FABRICATION OF SINGLE-CRYSTAL DIAMOND MICRODISKS
There has been significant recent progress in fabrication of mechanically isolated single-crystal diamond devices, including demonstrations of suspended high-Q m nanomechanical resonators [4, 25, [30] [31] [32] and high-Q o micro-and nanocavities [33, 34] . These structures have been created using diamond membrane thinning [25, 30, 35] , plasma angled-etching [33] , and plasma undercutting [32, 34] fabrication techniques, with the latter two approaches allowing patterning of devices from bulk diamond chips. Here we use plasma undercutting to fabricate single crystal diamond cavity optomechanical devices [32, 34] . These devices were fabricated from an optical grade, chemical vapor deposition (CVD) grown 100 -oriented SCD substrate supplied by Element Six. The polished substrates were first cleaned in boiling piranha, and coated with ∼ 400 nm of plasma-enhanced chemical vapor deposition (PECVD) Si 3 N 4 as a hard mask. To avoid charging effects during electron beam lithography (EBL), ∼ 5 nm of Ti was deposited on the Si 3 N 4 layer, before coating the sample with the ZEP 520A EBL resist. The developed pattern was transferred to the hard mask via inductively coupled reactive ion etching (ICPRIE) with C 4 F 8 /SF 6 chemistry. The remaining EBL resist was removed with a 6 minute deep-UV exposure (5 mW/cm 2 at 254 nm) followed by a 2 minute soak in Remover PG, while the remaining Ti was removed by the subsequent etch steps. The anisotropic ICPRIE diamond etch was performed using O 2 , followed by deposition of ∼ 250 nm of conformal PECVD Si 3 N 4 as a sidewall protection layer. The bottom of the etch windows were then cleared of Si 3 N 4 using a short ICPRIE C 4 F 8 /SF 6 etch. This was followed by a zero RF power O 2 RIE diamond undercut etch to partially release the devices. Lastly, the Si 3 N 4 layer was removed using a wet-etch in 49% HF, and the devices were cleaned again in boiling piranha. The devices studied here have diameters of 5.0 µm to 6.0 µm and average thickness ∼ 940 nm. As evident from the image in Fig.  1(a) , devices are fabricated with a process optimized to minimize the waist of the pedestal supporting the microdisk, reducing it to < 100 nm, where the waist is defined as the smallest point of the pedestal. The microdisk thickness, which will be reduced in future work to enhance confinement, is determined by the interplay between the inward and upward etch rates of the quasiisotropic undercut, together the initial anisotropic etch depth. The undercut time was chosen to optimize the pedestal waists of the ∼ 5 µm diameter disks studied here. A longer undercut would allow the study of larger diameter microdisks (6 µm to 8 µm) present on the chip, which would in turn possess a smaller thickness than the structures studied here.
DEVICE CHARACTERIZATION

A. OPTICAL CHARACTERIZATION
The devices were characterized by monitoring the transmission of a dimpled optical fiber taper [36, 37] evanescently coupled to the microdisk and input with light from tunable diode lasers (New Focus Velocity) with wavelengths near 1530 nm or 637 nm. For the 1530 nm measurements, the output of the fiber taper was monitored by both low-and high-bandwidth photoreceivers (Newport 1621 and 1554-B, respectively), and a calibrated optical power meter (Newport 2936-R). Figure  1 (b) shows typical T (λ s ) when the fiber taper is evanescently coupled to devices with diameters of 5.0 µm and 5.5 µm and the wavelength λ s of the 1530 nm tunable laser is scanned across microdisk modes at λ o . Here T is the average transmission measured by the lowbandwidth photodetector over a timescale long compared to 1/f m . These measurements reveal resonant coupling to modes with loaded
, and a degree of doublet structure that depends on the internal backscattering of a given device. Maximizing Q o , and thereby minimizing γ o , is important for achieving the aforementioned regime allowing coherent photon-phonon coupling (C > 1).
The ability of these devices to support modes over a wide wavelength range is demonstrated in Fig. 1(c) , where the 637 nm tunable laser was used to probe a mode with high-Q o > 1 × 10 4 . This is promising for applications involving NV center optical transitions in this wavelength range [10] . These devices have a predicted radiation loss limited Q o > 10 7 at both 1550 nm and 637 nm wavelengths; γ o is currently limited by surface roughness and linear absorption. In previous work the microdisk pedestal size was observed to limit Q o for insufficient relative undercut. In the devices studied here scattering due to the non-cylindrical pedestal shape is predicted to dominate the contribution to γ o from the pedestal [34] . The lower Q o observed at 637 nm can be attributed in part to sub-optimal fiber taper positioning [38] and an increased sensitivity to surface scattering [33] .
B. CAVITY OPTOMECHANICAL COUPLING
To probe optomechanical coupling within the microdisks, time (t) dependent transmission fluctuations δT (t, λ s ) of 1550 nm light were monitored using a real time spectrum analyzer (Tektronix RSA5106A). Excitations of the microdisk mechanical resonances modulate λ o , resulting in a dispersive optomechanical transduction of mechanical motion to an optical signal P o δT (t; λ s ) that can then be observed in the measured electronic power spectrum S P (f ). Here P o is the average power transmitted to the photoreceiver. Figure 1 (d) shows typical spectra when λ s is tuned near the point of maximum transduction of the modes in Fig. 1(b) . Resonances near f m ∼ 2.0 − 2.1 GHz are observed, corresponding to optomechanical transduction of the thermomechanical motion of the fundamental radial breathing mode (RBM) of the microdisks. The predicted displacement of the RBM calculated using finite element simulations (COMSOL) is shown in the inset to Fig. 1(a) . The simulated f m of the RBM for varying microdisk diameter was found to be within 10% of observed values. These measurements were conducted at low input power P i ∼ 50 µW to avoid optomechanical backaction effects discussed below. Here an erbium doped fiber amplifier (EDFA: Pritel LNHPFA-30) was used on the output side of the fiber taper to boost the optical signal prior to photodetection to a level just below the detector saturation power (P o ≈ 0.7 mW).
The microdisk pedestal can significantly affect the RBM properties, and minimizing its waist size is important in order to maximize Q m and reach C > 1. In previously studied diamond microdisks with µm pedestal waists [34] , transduction of mechanical modes was not observed. As shown in Fig. 1(a) , the devices used here for cavity optomechanics have significantly smaller waists, e.g., the 5.0 µm diameter microdisks have waist < 100 nm. Figure 1(d) shows that when microdisk diameter, and as a result, pedestal waist are increased to 5.5 µm and 400 nm, respectively, Q m is found to decrease from ∼ 9000 to ∼ 2000. Mechanical resonances are not observed in devices with pedestal diameter > 500 nm. This indicates that Q m for these devices is limited by clamping loss [28, 39] . The hourglass shape of the pedestals obtained for the 100 optical grade diamond samples used here limits the minimum size of the pedestal where it connects to the microdisk, and may result in increased dissipation. Given the crystal plane selective nature of the diamond undercut [34] , fabricating microdisks from samples with alternate crystal orientation such as 111 may alleviate this limitation. Additionally, operation in vacuum, where viscous air damping can be avoided [40, 41] , and at low temperature [25, 32] would allow a decrease in dissipation, as the total Q m is given by
, where the Q j m represent the quality factor due to each damping mechanism. Despite present limitations, the demonstrated devices have Q m · f m = 1.9 × 10 13 Hz, that is larger than all previously studied cavity optomechanical systems operating in ambient conditions [28, 39, 42] . A comparison of some of the highest Q m · f m products for optomechanical systems observed in ambient, cryogenic, and low pressure environments is shown in Supplement 1, Section 3. This figure of merit is critical for cavity optomechanical mass spectroscopy [27, 43, 44] and low phase noise oscillators [45] . Within the context of quantum optomechanics, this product satisfies a key minimum requirement for room temperature studies of single phonon coherence by over an order of magnitude: ω m /γ m n th , where n th is the room temperature phonon population of the RBM, ensuring that thermal decoherence is slow compared to a mechanical oscillation [12] . By satisfying this condition, cooling to the quantum ground state from room temperature should also be possible [46] .
To investigate the response of the cavity optomechanical transduction, S P was monitored while λ s was scanned across λ o . Figure 2(a) shows the resulting measurement of S P (f, λ s ) for the microdisk in Fig. 1(a) , clearly illustrating that optomechanical transduction is only observable when λ s is tuned in the vicinity of λ o . In this measurement the EDFA was connected to the input side of the fiber taper, resulting in maximum N ∼ 6.5 × 10 5 and P d ∼ 1.5 mW, where P d is the optical power dropped into the microdisk mode. From the thermo-optic coefficient of diamond we estimate that the shift of 400 pm from the cold cavity λ o , as seen in Figure 2 (a), corresponds to a change in device temperature ∆T ∼ 50 K. COMSOL simulations that take into account the reduced thermal conductivity coefficient of the ∼ 100 nm diameter pedestal compared to bulk [47] confirm that an absorbed power of ∼ 10% of P d reproduces the temperature shift observed here (see Supplement 1, Section 1). Although this temperature increase is not desirable for quantum optomechanics applications, it is considerably smaller than the expected increase for a similar Si device. Assuming a similar absorption rate and identical device geometry, a silicon device with a silicon or silicon dioxide pedestal would result in ∆T ∼ 200 K or 450 K, respectively, where a modified thermal conductivity also applies for the silicon in the pedestal [48] . It is expected that the rate of linear absorption observed here, which corresponds to Q abs o = 6.2 × 10 5 , can be reduced through improvements to processing, as diamond devices with Q o > 10 6 have been reported elsewhere [49] .
C. CAVITY OPTOMECHANICAL BACKACTION
The influence of cavity optomechanical backaction [12] on the dynamics of the mechanical resonator is analyzed in Figs. 2(b,c) . Changes δγ m and δω m to γ m and ω m , respectively, were measured as a function of source-cavity detuning ∆ = ω s − ω o . Their strong dependence on ∆ clearly indicates that the mechanical dynamics are affected by the intracavity field. We were prevented from measuring significant δγ m and δω m for red-detuned wavelengths (∆ < 0) due to the thermal bistability present in our system for large P d , as shown in Fig. 2(a) . As such, this study concentrated on blue-detuned wavelengths (∆ > 0), however implementation of cavity stabilization techniques [15] may allow this limitation to be overcome in the future, enabling more effective investigations of cavity sideband cooling [12, 16] , and optome- chanically induced transparency [13] [14] [15] . Determining ∆ for each data point in this analysis required accounting for the dependence of ω o on N due to the thermo-optic effect. For a given operating ω s , ω o was predicted from N (see Supplement 1, Section 1), where N (ω s ) was determined from T (ω s ), P i , Q (i) o and measurements of loss through the fiber taper and other elements of the apparatus.
To quantitatively investigate the role of radiation pressure on the mechanical resonance dynamics, the observed δγ m (∆) was fit to the expected cavity optomechanical damping rate [12] , with the single photon optomechanical coupling rate g 0 as the only free parameter. Using this method, the fit shown in Fig. 2(b) was obtained for g 0 /2π ∼ 26 kHz, with an associated 95% confidence interval of ±2 kHz. Errors bars for each δγ m data point in Fig. 2(b) represent the 95% confidence interval of fits used to extract γ m from S P . The large uncertainty as well as the discrepancy between the measured and predicted values when ∆ ∼ 0 or γ o are due to the low signal to noise of S P in these regions. This low signal to noise of S P also prohibited measuring the optomechanical response for ∆ γ o . The fit value for g 0 has good agreement with g 0 predicted from COMSOL calculations that include both moving boundary (MB) and photoelastic (PE) contributions [50] . The predicted g 0 is dependent on the spatial overlap of the optical field and mechanical displacement profile, which varies for each optical mode. We find that the fit value of g 0 most closely agrees with the predicted coupling rate to the second order radial TM-like mode, with g 0 P E /2π = 18 to 24 kHz and g 0 M B /2π = 16 kHz. In comparison, g 0 M B /2π = 17 kHz (19 kHz) and g 0 P E /2π = 29 to 36 kHz (−24 to −26 kHz) for the fundamental TM (TE) mode of the microdisk. This is consistent with measurements of the mode polarization in the fiber taper that indicated that the microdisk mode studied here is TM polarized. Note that the stated uncertainty in the predicted g 0 P E is due to variations in reported PE coefficients of single-crystal diamond [51] .
Figure 2(c) shows a similar analysis of δω m (∆), indicating that ω m is softened by over 300 kHz by the intracavity field. This shift is due to both optomechanical dynamical backaction and static thermal effects. For the operating regime and devices used here, dynamic thermal effects are expected to be below 5% of the optomechanical radiation pressure dynamical backaction effects, and can be neglected [42] . However, static thermal effects are significant. Heating of the microdisk for large P d results in both thermal expansion and a change in Young's modulus, resulting in a shift to ω m [52] [53] [54] . This effect is linear in P d , assuming that Q o is independent of power, i.e., nonlinear absorption is small. To compare the measured δω m (∆) with theory, we used a model that includes radiation pressure induced optomechanical dynamic backaction [12] and a static heating term linearly proportional to P d :
The resulting fit of (1) to the measured δω m is shown in Fig. 2(c) to have close agreement. Notably, this model reproduces the kink in δω m (∆) where the amplitude of the optomechanical contribution reaches a maximum and changes sign. This fit was obtained with g 0 fixed to the value extracted from the analysis of δγ m in Fig. 2(b) , and with α as a fitting parameter. At higher power the microdisk optomechanical dynamics can be dramatically modified. Figure 3 shows the behavior of the microdisk RBM when the input power to the fiber taper is increased sufficiently for P d to reach 13 mW. This elevated power level corresponds to an intracavity photon number N ∼ 2.8 × 10
6 , and an optomechanical cooperativity C = N g 2 0 /γ o γ m = 2.7 for the device shown 6 in Fig. 1(a) . This C exceeds all previously reported values for devices operating in ambient conditions [14, 15] . For such large P d , if the input λ s is appropriately blue detuned from λ o , it is possible for δγ m + γ m → 0, resulting in self-oscillation of the microdisk RBM. Operation in this regime results in large dynamical strain within the microdisk, offering a potential path for achieving for large NV spin-phonon coupling.
We predict the strain achievable in our devices from measurements as follows.
The microdisk mechanical response in the transition from thermal motion to self-oscillation is shown in Fig. 3(a) , which displays S P (f ; λ opt ) for varying P d , with λ s tuned to the value λ opt where S P (f m ) is maximum. As P d is increased the mechanical resonance is observed to narrow and increase in amplitude, suggestive of the onset of self-oscillations, also referred to as phonon lasing. This is more clearly illustrated in Fig. 3(b) , which shows the normalized spectrumS P (f ) for varying P d . HereS P (f ) has been obtained by normalizing S P (f ; λ opt ) with the power dependent transduction gain, such that the area underS P (f ) represents the mechanical energy of the RBM, i.e.S P is constant with respect to P i in absence of optomechanical backaction (see Supplement 1, Section 2). At low power, this mechanical energy is dominantly from the thermal bath, and is predicted from the equipartition theorem to correspond to oscillation amplitude x th ∼ 24 fm. Fig. 1(a) , and the maximum is predicted to occur at the center the microdisk top surface, as shown by the plots in Figs. 3(e,f) . The corresponding maximum strain is ≈ 30 × 10 −6 . The self-oscillation threshold behaviour can be quantitatively analyzed by extracting the mechanical displacement amplitude x om as a function of P d fromS P . This is shown Figs. 3(c,d) for two similarly sized microdisks. In each case, a clear threshold is observed. Since these microdisks have different Q m and Q o (see Fig. 3 caption) , their threshold power P T differ. For devices close to the sideband resolved regime, the optimal detuning for selfoscillation to occur is ∆ ∼ ω m , and P T is given by [55] (2) where g om = g 0 /x zpm is the optomechanical coupling coefficient, and γ are the intrinsic and fiber taper loaded optical decay rates, respectively. Here x zpm = /2m eff ω m is the mechanical zero point motion amplitude. For the devices studied here, x zpm ∼ 0.32 fm, as calculated from the RBM effective mass m eff ∼ 40 pg, predicted by the finite element simulated displacement field shown in Fig. 1(a) [12] . The observed P T = 3.5 mW and 8.5 mW, for the devices in Figs. 3(c) and 3(d) respectively, are above the predicted values of 760 µW and 3.0 mW obtained from (2) assuming g 0 is given by the fits in Fig. 2 . This disagreement could be related to uncertainty in γ o given that P T scales to the fourth power of this quantity, interplay between doublets that is ignored by (2) , and uncertainty in ∆ inferred from the cavity response in the presence of thermo-optic dispersion.
DEVICE POTENTIAL FOR HYBRID SPIN-OPTOMECHANICS
The potential of these devices for hybrid spinoptomechanics applications can be measured by the predicted strain coupling rate g e -between a single phonon of the microdisk RBM and a single diamond NV center electron spin. The maximum zero point motion strain of the RBM is zpm ≈ 3 × 10 −10 , and we estimate g e -/2π = d zpm ≈ 6 Hz for a negatively charged NV − center electron spin optimally located 50 nm below the top surface of the device in Fig. 3(c) , exceeding the highest rate demonstrated to date [7] . Here d ≈ 10 − 20 GHz is the strain susceptibility of the ground state spin [5, 6] . When the RBM is self-oscillating as in Fig. 3(c) , the predicted coupling rate is G/2π ≈ 0.6 MHz [5] . This is comparable to coupling rates achieved in piezoelectric actuated nanomechanical [5] [6] [7] and bulk devices [3, 8] . The longest room-temperature ground state spin decoherence time (T 2 ) observed to date in isotopically engineered single-crystal diamond is 1.8 ms [26] , while typical T 2 values in nanostructures are on the order of 100 µs [5, 56] . Additionally, dynamical decoupling schemes can be utilized to extend this time, as T 2 ∼ 600 ms has been observed at low temperature [57] . Photon-spin control should be possible provided G/2π > T 2 , which is the case for these devices.
The GHz frequency of the RBM enables low room temperature phonon occupation, relevant for cooling to the quantum ground state from room temperature [16] . This also enables access to larger energy spin transitions [3, 8] than possible using previously demonstrated diamond nanomechanical resonators. This may be particularly important for future studies of phonon coupling to the NV − center excited state manifold, which could achieve single phonon coupling rates close to a MHz due to the ∼ 10 5 times larger strain susceptibility of the excited states [10, 22, 58, 59] . This is promising for implementing fully quantum photon-phonon-spin interfaces, and for proposals of spin-mediated cooling of nanomechanical resonators [17, 21, 22] .
In the samples under study, we expect to find NVs optimally coupled to the RBM since the nitrogen concentration for this diamond sample (∼ ppm, corresponding to a number density of 1.76 × 10 5 µm −3 ) results in highconcentration NV ensembles. However, future studies with higher purity samples may require NV implantation to optimally locate NVs ∼ 50 nm below the device surface. Additionally, due to minimal coupling of fluorescence from an NV centre located at the centre of the disk to the optical modes, free space collection would most likely be required. However, use of higher order radial breathing modes could allow for greater spatial overlap of the strain and electromagnetic field maxima [60] , allowing for more efficient fiber based excitation and collection.
Future improvements of Q o to values above 10 5 and approaching 10
6 should be possible [33, 34] , enabling ultralow self-oscillation threshold [55] and operation deep in the sideband resolved regime required for optomechanical ground state cooling [16] . Operating in vacuum, at low temperature, and using devices fabricated from high-purity electronic grade diamond may allow further increases in Q m [25] , boosting the achievable photonphonon cooperativity C and Q m · f m product. Similarly, reducing the microdisk diameter may increase C through enhanced g 0 , while also increasing ω m . Simulations predict that diameters close to 3.5 µm are possible before radiation loss limits Q o < 10 5 ; such devices would have g 0 /2π > 95 kHz and f m ∼ 3.4 GHz. Finally, using electronic grade diamond material and investigating processing techniques to reduce surface state absorption may decrease optical absorption and allow larger N before device heating becomes significant.
CONCLUSION
In conclusion, we have shown that cavity optomechanical devices can be realized from single-crystal diamond, with record high ambient condition optomecanical cooperativity, C ∼ 3, and Q m · f m product of 1.9 × 10 13 . These devices are a promising testbed for ambient condition coherent optomechanics experiments, e.g. ground state cooling [16] , optomechanically induced transparency [13] [14] [15] and phonon mediated wavelength conversion [15, 61, 62] , as well as studies in quantum information science [63] , and hybrid quantum systems involving light, phonons, and diamond NV center spins [3, 5-7, 17, 21, 23] . We have also shown that the microdisks demonstrated here support high-Q o optical modes at wavelengths near-resonant with the 637 nm optical transition of NV centers, further enhancing their potential for photon-phonon-spin coupling experiments.
We note that, in parallel to this work, Burek et al. have demonstrated cavity optomechanics in single-crystal diamond optomechanical crystals fabricated by a Faraday cage angled-etching technique [64] . 
SINGLE-CRYSTAL DIAMOND LOW-DISSIPATION CAVITY OPTOMECHANICS: SUPPLEMENTARY MATERIAL 1. THERMAL SHIFT AND BISTABILITY
Here we outline the process for extracting the power dependent detuning, ∆. This process follows Carmon et al. [S1] , beginning with the expression for the shifted cavity resonance wavelength as a function of temperature, in thermal equilibrium
This expression is obtained by considering thermal expansion of the cavity, determined by the thermal expansion coefficient , and the thermo-optic effect, which shifts the refractive index n with temperature T. Here η T and η are geometric factors accounting for the optical mode overlap with the changing n and volume, respectively. Lumped constant a describes the net thermo-optic dispersion of the cavity mode. Using the room temperature single-crystal diamond values of ∼ 1 × 10 −6 and dn/dT ∼ 1 × 10 −5 we can estimate the change in temperature of the cavity as
The shift of ∆λ o ∼ 400 pm, as seen in Fig. 2(a) of the main text, corresponds to a change in device temperature ∆T ∼ 50 K. In this device the diamond forming the ∼ 100 nm diameter pedestal has a significantly smaller thermal conductivity than that of bulk diamond (K ∼ 1500 Wm
, reaching values < 100 Wm −1 K −1 for nanowires < 100 nm in diameter [S2] . In order to confirm that the cavity temperature shift predicted by (S4) was reasonable for our system we performed finite element COMSOL simulations to estimate ∆T, including the modified thermal conductivity for the pedestal, as shown in Fig. S1 for varying pedestal widths. Fig. S1 indicates that for a pedestal width of ∼ 100 nm, and corresponding diamond thermal conductivity of ∼ 300 Wm −1 K −1 a shift of 50 K is expected when P abs ∼ 170 µW, where P abs is the total power absorbed by the cavity. This corresponds to an optical absorption rate, γ abs × 2π ∼ 312 MHz, which is ∼ 10% of the total cavity decay rate, γ tot . A linear relationship between ∆T and P abs is observed for the pedestal thicknesses studied here.
∆T [K]
P abs [µW] To convert (S3) to a form that depends on the experimentally measured, normalized cavity transmission T , we treat the microdisk as being in thermal equilibrium with its environment such thaṫ
whereq in , and P d are the heat flow and power dropped into the cavity, respectively. Furthermore, we assume thaṫ
where K is the thermal conductivity between the cavity mode volume and the surrounding [S1] . In thermal equilibrium the heat flow into the cavity will be equal to the heat flow out of the cavity, which allows us to write the equilibrium temperature as
Next we observe that since P d = (1 − T )P i where P i is the fiber taper waveguide input power, we can write
and the expected cavity mode shift in terms of the resonance contrast
This gives the laser-cavity wavelength detuning, ∆ λ as
where d = a K γ abs γtot P i is used as a free parameter in fitting our cavity transmission profile. The laser detuning ∆ can then be calculated for any bistable lineshape.
SELF OSCILLATIONS AND DISPLACEMENT AMPLITUDE
In the weak damping regime (γ m ω m ) the oscillation amplitude of a thermally driven harmonic oscillator is given by the equipartition theorem [S3] as
where k B is the Boltzmann constant, T = 295 K is the bath temperature, and m eff = 40 pg and ω m /2π ∼ 2 GHz are the effective mass and mechanical frequency of the radial breathing mode studied here, respectively. This results in x th = 24 fm and a zero point fluctuation motion, x zpm = 0.32 fm. While S P (f ) ∝ x 2 , where x 2 is the variance of the mechanical displacement, one must be more careful when calculating the mechanical energy. Strictly speaking x 2 is related to the single sided displacement spectral density S xx (ω) by
This can be connected to the measured cavity transmission noise spectrum S P (ω) through a cavity transfer function H(ω, ∆), P i , and g om [S4] S P (ω) = g 
In this experiment we measure S P (ω), and can compute the area under the curve, A, given by A = ∞ 0 S P (ω) dω 2π . If we change P i from P i1 to P i2 , keep ∆ constant,and ignore the small (∼ 0.02%) changes in ω m , such that H(ω, ∆; P i1 ) = H(ω, ∆; P i2 ), we can show that the ratio of the area under the curve corresponding to P i1 and P i2 given by A 1 and A 2 , respectively, is
We can then calibrate high P i measurements to the thermal case, where P i is small enough for optomechanical backaction effects to be ignored. The displacement amplitude, x om , of the RBM in the self-oscillation regime can then be calculated as
where A om and A th are the area under the curve in the driven (P i = P om ) and thermal (P i = P T ) states, respectively. Similarly, for the purpose of comparing mechanical spectra it is useful to calculate the normalized cavity transmission noise spectrumS P , given byS P (ω; P i , ∆) = S P (ω; P i )
The maximum oscillation amplitude x om is shown as a function of dropped optical power in Fig. 3(a) , where the absolute maximum oscillation amplitude was found to be ∼ 31 pm (∼ x th · 10 3 ). Using finite element COMSOL simulations and by assuming that diamond behaves as a linear elastic material in the self oscillation regime, these amplitudes correspond to stress on the order of tens of MPa at the center of the microdisk.
COMPARISON OF Qm · fm PRODUCT
The device studied here demonstrates the largest Q m · f m product of an optomechanical device measured in ambient conditions to date. Figure S2 compares this value with a survey of some of the largest Q m · f m products observed in cavity optomechanical systems in ambient, cryogenic, and low pressure conditions. Note that higher Q m · f m products have been demonstrated compared to this work, but required either vacuum or low-temperature environments. Table S1 .
